Abstract Retinal degenerative diseases that target photoreceptors or the adjacent retinal pigment epithelium (RPE) affect millions of people worldwide. Retinal degeneration (RD) is found in many different forms of retinal diseases including retinitis pigmentosa (RP), age-related macular degeneration (AMD), diabetic retinopathy, cataracts, and glaucoma. Effective treatment for retinal degeneration has been widely investigated. Gene-replacement therapy has been shown to improve visual function in inherited retinal disease. However, this treatment was less effective with advanced disease. Stem cell-based therapy is being pursued as a potential alternative approach in the treatment of retinal degenerative diseases. In this review, we will focus on stem cell-based therapies in the pipeline and summarize progress in treatment of retinal degenerative disease.
Introduction
The field of stem cell-based therapy holds great potential for the treatment of retinal degenerative (RD) disease. Many studies in animal models suggest that stem cells have the capacity to regenerate lost photoreceptors and retinal neurons and improve vision. To date, these cells include retinal progenitor cells (RPC) [1] , embryonic stem cells (ESC) [2, 3] , induced pluripotent stem cells (iPS) [4, 5] , mesenchymal stem cells (MSC) [6] , and very small embryonic-like (VSEL) stem cells [7] (Table 1) . 1 in 5,000 individuals [9] , affecting approximately 1.5 million people worldwide [10] . Retinal degenerations from progressive loss of photoreceptor cells are largely responsible for vision loss. The etiology is attributed primarily to RPE cells (playing an essential role for photoreceptor function and survival) or the photoreceptors themselves [11] . The pathology of retinal degenerations is summarized in Table 2 .
Age-Related Macular Degeneration The natural history of dry AMD is progressive, with gradual loss of visual function that may span many years' time. Two types of AMD are known: dry and wet AMD. The dry or nonexudative form accounts for about 90% of all cases. Many patients with dry AMD are asymptomatic and unaware of the disease. In 10-15% of patients with dry AMD, the deterioration is more rapid and extensive and they suffer significant vision loss due to geographic atrophy [8] . The disease is characterized by the presence of lipid-containing deposits called drusen, including hard drusen (associated with localized dysfunction of the RPE), soft drusen (associated with diffuse dysfunction of the RPE), and geographic atrophy. These fundus changes may predispose the eye to develop the neovascular/exudative stages of AMD [12] . The wet or exudative form accounts for only 10% of all AMD cases. However, most patients who develop the exudative form of AMD will develop central visual impairment. Wet AMD is characterized by choroidal neovascularization (CNV). The abnormal blood vessel growth begins in the vascular choroid; eventually the vessels break through the basement membrane (Bruch's membrane) of the RPE and invade the outer retina. The blood vessels are not of the "continuous" type and leak blood and fluid, which secondarily damage the photoreceptor cells. Wet AMD advances rather rapidly to a stage referred to as a disciform scar. This process usually takes place over several months and typically results in a fibrotic scar underlying the macula accompanied by a central scotoma with severe central vision loss. Patients with neovascular AMD in one eye have a 4-12% per year cumulative risk of developing neovascular AMD in the other eye [8] . Therapeutic approaches for AMD focused almost exclusively upon the exudative form and were only of limited benefit to most patients. However, the introduction of pharmacotherapies against vascular endothelial growth factor-A (VEGF-A), a key factor in the pathogenesis of CNV, for treatment of neovascular AMD brings hope for these patients [13] .
Retinitis Pigmentosa RP is a heterogeneous family of inherited retinal disorders characterized by progressive degeneration of the photoreceptors with subsequent degeneration of RPE. It is the most common inherited retinal degeneration worldwide and characterized by pigment deposits predominantly in the peripheral retina and by a relative sparing of the central retina.
The typical manifestations are present between adolescence and early adulthood leads with it a high probability to devastating visual loss [14] . In most of the cases of RP, there is primary degeneration of photoreceptor rods, with secondary degeneration of cones. RP is a long-lasting disease that usually evolves over several decades, initially presented as night blindness, and later in life as visual impairment in diurnal conditions. Currently, there is no therapy that stops the evolution of the disease or restores vision. However, there are several therapeutic strategies, including cell or tissue transplantation, aimed at slowing down the degenerative process, treating the complications and helping patients to cope with the social and psychological impact of blindness [15] .
Associated Diseases Stargardt's disease is the most common inherited "juvenile" form of macular degeneration. Children typically begin experiencing central vision loss between 6 and 12 years of age. Although peripheral vision remains unaffected, individuals with Stargardt's disease usually experience rapid and severe central vision impairment. The disease exhibits an autosomal recessive pattern with mutations in the ATP-Binding Cassette Retina (ABCR) gene, which is expressed exclusively and at high levels in the retina and rod photoreceptors, and is responsible for the disease. The ABCR gene may also be responsible for some forms of age-related macular degeneration as well [16] . Leber congenital amaurosis (LCA) is the designation for a group of autosomal recessive retinal dystrophies that represent the most common genetic causes of congenital visual impairment of retinal origin in infants and children. LCA is characterized by moderate to severe visual impairment identified at or within a few months of birth, infantile nystagmus, sluggish pupillary responses, and absent or poorly recordable electroretinographic responses early in life. LCA has been shown to be caused by mutations in three different genes: guanylate cyclase, CRX and RPE-65 [17] .
Usher syndrome is an autosomal recessive disease that is characterized by moderate to profound hearing impairment and progressive vision loss due to RP. It is the major cause of a combined hearing and visual impairment. Three types of the syndrome are known. Type 1 is diagnosed in individuals who are born profoundly (completely) deaf and who experience problems with balance. The R245X mutation of the PCDH15 gene may be the most common cause of this type of the disease. In adolescence, they usually begin to exhibit the first signs of RP which are night blindness and loss of peripheral vision. Type II is diagnosed in individuals with moderate to severe hearing impairment at birth, but who do not have balance problems.
Symptoms of RP develop later in adolescence. Type III is characterized by hearing loss and vision loss due to RP, and both symptoms are progressive [18] .
Type of Stem Cells
Retinal Progenitor Cells RPC are derived from fetal or neonatal retinas, and comprise an immature cell population that is responsible for generation of all retinal cells during embryonic development [19] . Previous studies reported that RPC can proliferate and generate new neurons and specialized retinal support cells in vitro [20] [21] [22] . RPC can migrate into all retinal layers and develop morphological characteristics of various retinal cell types in vivo [1, [23] [24] [25] [26] . These results support the hypothesis that RPC transplants are a potential treatment for retinal degenerative diseases.
Embryonic Stem Cells (ESC) ESC are derived from the inner cell mass of blastocyst-stage embryos, with selfrenewal capabilities as well as the ability to differentiate into all adult cell types derived from the three embryonic germ layers [27] [28] [29] . Therefore, ESC hold great therapeutic promise in the generation of functional cell types relevant for neurons [30] [31] [32] [33] [34] , cardiomyocytes [35, 36] , hepatocytes [37] , lung epithelium [38] and pancreatic beta cells [39, 40] . Studies have shown that ESC can differentiate into photoreceptor progenitors, photoreceptor, or retinal pigment epithelium (RPE) in mice and humans [3, [41] [42] [43] [44] [45] [46] . A recent study showed that transplantation of retinal cells derived from human ESC into the subretinal space of adult Crx( -/-) mice promoted the differentiation of hESC-derived retinal cells into functional photoreceptors, and the procedure improved light responses in these animals [2] . Although ESC are promising in retinal replacement therapies, there remain ethical and immune rejection issues to be considered. ESC have also been associated with teratoma formation [27] [28] [29] .
Induced Pluripotent Stem Cells (iPS) iPS derived from adult tissues were first described by Takahashi et al. in 2006 [47] . iPS are pluripotent ESC-like cells reprogrammed in vitro from terminally differentiated somatic cell by retroviral transduction of four transcription factors: Oct3/4, Sox2, Klf4 and c-Myc [5, [47] [48] [49] [50] . iPS have similar developmental potential as ESC such as morphology, proliferation, and teratoma formation, and they contribute to the development of all cell types in chimeric animals, including the germ line [47, 48] . A study showed that irradiated genetically identical adult recipient mice can be rescued after transplantation with hematopoietic progenitor cells derived from iPS in vitro, with a multilineage reconstitution [51] . The therapeutic benefit of iPS-derived hematopoietic cells has recently been evaluated in a humanized mouse model of sickle cell anemia where it was shown that autologous genetically corrected iPS-derived hematopoietic progenitor cells phenotypically and functionally corrected the sickle cell defect [52] . Recent studies have shown that patient-specific iPS taken from skin biopsies of an amyotrophic lateral sclerosis possess properties similar to human ESC and were successfully directed to differentiate into motor neurons [53] . Another study also showed that iPS can differentiate into neural precursor cells and develop into neuronal and glial cell types both in vitro and in vivo [54] . It has been reported that human iPS have a similar potential of ESC to mimic normal retinogenesis [4] . The use of defined reprogramming factors for the generation of specific iPS offers: 1) a treatment regimen that does not require the use of immunosuppressive drugs to prevent rejection; 2) the opportunity to repair genetic defects; 3) the ability to expand a desired cell type in vitro; and 4) the absence of ethical problems faced when using ESC transplants. However, major issues include reducing the risk of viral integrations and oncogene expression for generation of iPS [55] . Therefore, specific-iPS could be an excellent choice for cell-replacement therapy if the major problems involving the use of this therapy could be solved, as they could provide unlimited number of cells needed for such procedures.
Mesenchymal Stem Cells (MSC) MSC are a bone marrowderived cell population, independent of the hematopoietic system, which have the ability to self-renew as well as give rise to multiple tissue types [56] . Other sources of MSC have been described including adipose tissue, placenta, cord blood and liver [57] [58] [59] . MSC are capable of differentiating into mesoderm-type cells such as osteoblasts, adipocytes and chondrocytes [60] [61] [62] . Recent evidence also shows that MSC can differentiate into non-mesoderm cells such as cardiomyocytes [63] [64] [65] [66] , neural cells [67] [68] [69] , and insulinproducing cells [70] . It was reported that MSC can be induced into cells expressing photoreceptor lineage-specific markers in vitro using activin A, taurine, and epidermal growth factor [6] . In addition, an in vivo animal model demonstrated that MSC injected into the subretinal space can slow down retinal cell degeneration and integrate into the retina and differentiate into photoreceptors in Royal College of Surgeons (RCS) rats [6, 71] .
-/Sca-1 + /Lin -VSEL VSEL are a rare homogenous population in mouse bone marrow that exhibit similar morphology to and express several markers of undifferentiated ESC [72] . VSEL are capable of differentiating into cells from all three germlayers in vitro [72] . VSEL are a mobile pool of stem cells that are mobilized into peripheral blood following: 1) acute myocardial infarction in mice and humans [73, 74] ; 2) stroke in mouse and humans [72, 75] ; 3) after toxic liver or skeletal muscle injury [76] ; and 4) STZ-induced diabetes [77] . Previous studies have shown that when bone marrow cells (BMC) are cultured directly with RPE in a cell to cell contact manor, BMC can adopt a flat, epithelial cell-like RPE morphology and promote the expression of specificcell markers of RPE lineage including cytokeratin, RPE65, and MITF [78] . Mice treated with growth factors (FL+granulocyte colony stimulating factor [G-CSF]) significantly mobilized BMC into peripheral blood, and these cells home to NaIO 3 damaged tissue in the subretinal space [78] . More recent studies indicate that VSEL are present in the murine retina and comprise 1.5% of neonatal retina cells [7] . VSEL can also differentiate into cells expressing markers of retinal neurons and cells resembling RPE [7] .
Biology of Regenerative Medicine
The ultimate goal of the recent field of regenerative medicine is to present solutions for chronic diseases which cannot be sufficiently repaired by the body's own mechanisms. A wide array of major diseases with therapeutic needs, including congestive heart failure, osteoporosis, Alzheimer's disease, diabetes mellitus, etc., underscores the importance of this goal. Today, a growing body of convergent data from bioengineering, genetic, cell-based, or growth factor-based approaches for different diseases gives hope for problem-based solutions. All of these approaches could be pursued, at least experimentally, in ophthalmology for the treatment of retinal degenerations.
In retinal diseases, degeneration can be slowed by intraocular injection of soluble growth/survival factors including acidic and basic fibroblast growth factor, brain-derived neurotrophic factor, ciliary neurotrophic factor, leukemia inhibitory factor, interleukin-1β, and pigment epithelium-derived factor [79, 80] . There is evidence that at least some of these protective effects may be mediated indirectly via other retinal cells [81] . However, these proteins have relatively short half-lives and their effects are usually transient, even after repeated applications. More sustained release and thus more prolonged protection may be obtained by grafting cells that express, perhaps by ex vivo genetic modification, particular growth or trophic factors.
The use of physiologically intact retinal cells to replace damaged tissue is crucial when developing new therapies for retinal degenerations. Therefore, two main sources are considered: 1) the use of RPE cells to rescue photoreceptors, and 2) the use of photoreceptor precursors to repair the degenerating neural retina.
Approaches to use RPE as a therapeutic tool in retinal degeneration began in earnest in the mid 1980s when del Cerro and colleagues transplanted strips of retinal tissue with the RPE still attached [82] and Gouras et al.
accomplished the first successful transplantation of RPE into the subretinal space in monkeys [83] . RPE cell replacement in AMD has been pursued since then and its feasibility has been demonstrated as reports of human trials for wet as well as dry AMD indicate. Results by Binder et al. (2004) showed that patients undergoing CNV removal plus autologous RPE transplantation reached significant better reading acuity and higher multifocal electroretinogram response density than patients who underwent membrane excision alone [84] . However, visual results in patients receiving RPE transplantation additional to CNV removal have been rather disappointing. Weisz and colleagues transplanted a suspension of fetal retinal RPE in a patient with non-vascular AMD (geographic atrophy) and found that the patient's vision remained unchanged for 5 months after the surgery [85] . Although it is surgically feasible to transplant RPE to the subretinal space of AMD patients, allogeneic transplants without immunosuppression lead to fibrosis and rejection. Therefore, autologous transplantations of full thickness RPE/choroid from periphery to macular have been implemented recently [86, 87] . Autologous RPE transplantation can in principle restore vision in neovascular AMD, but surgical complications remain high.
In the 1990s, the idea of iris pigment epithelial (IPE) transplantation to use easily available autologous tissue was introduced [88] . IPE cells have many properties that make them suitable for clinical transplantation. They can be easily obtained, and they originate from the inner and outer layers of the optic vesicle, as do the neural retina and RPE, respectively. Autologous IPE cells transplanted into the subretinal space also display no signs of rejection. Thereby, it was shown that autologous IPE transplants were able to delay photoreceptor degeneration for a prolonged period of time but did not improve visual acuity or only on a very low level.
Retinal cell transplantation describes the introduction of healthy photoreceptor cells into the host in order to decrease the rate of disease progression and/or to replace degenerated cells. The therapeutic benefit in retinal degenerative disease would come through either the reestablishment of a complete neural retinal network or the rescue of residual cone photoreceptors [89] . Transplantation of either embryonic dissociated cells or retinal sheets into the subretinal space of rodent models, as well as in RP patients, has demonstrated that transplants survive and differentiate [90, 91] . Neuronal fibers originating from the transplant develop synapses with the remaining host retina which are at least sufficient to mediate a simple improvements in some photoreceptor function, but restoration of vision has not been well established [90, 91] . This shortcoming has been attributed to the failure of transplanted tissue to form functional connections with the host's neurons, the loss of synaptic receptivity of the host's retinal neurons, and neural remodeling and formation of glial seal in the degenerated retina [92] .
The advantages of transplantation of already differentiated retinal cells over stem cell transplantation is that the former integrate well into the host retinal layers and express specific retinal cell markers. However, due to immunological issues, surgical complexity and genetic defects in autologously derived cells, the use of stem cells as a source of material for retinal repair is a valuable alternative [93] .
The ability of pluripotent stem cells to differentiate into various functional cell types is the major value for use in regenerative medicine. Approaches to employ stem cells (SC) for retinal degeneration include ESC, as well as adult stem/progenitor cells. In contrast to ESC, adult SC differentiate into a more narrow range of cell types. Phenotypes are mostly restricted to the germ layer of their origin. However, transdifferentiation has been reported for several adult stem cell types (see below).
The field of ESC research holds significant potential for regenerative medicine, as these cells are able to differentiate into all three germ layers. Different culture techniques exist to maximize induction of neural progenitor cells from ESC (see review [94] ). In the case of retinal degeneration, derivation of retinal cell types (especially of photoreceptor and RPE), is the focus of many research groups. Commitment of mouse, nonhuman primate, and human ESC to a retinal lineage was shown with variable success [2, 95] . However, tumor formation after transplantation of naïve ESC is the greatest obstacle for the use of these cells in regenerative medicine [96] . To circumvent this phenomenon, predifferentiation before transplanting the cells showed promising results. -cells that express ESC markers such as SSEA-1, Oct-4, Nanog and Rex-1 was identified in murine BM. Microscopic analysis revealed that these cells are small (~2-4 mm), possess large nuclei, are surrounded by a narrow rim of cytoplasm, and contain open-type chromatin (euchromatin) that is also typical for embryonic stem cells. In vitro these cells were able to differentiate into all three germ-layer lineages. Recently, the same group isolated a similar VSEL cell population from human cord blood [99] . The cells could also be found in different organs including neurosensory retina and RPE [7, 73] . The overall concept that embryonic cells could reside in adult organs/ tissues was presented almost 150 years ago by Rudolf Virchow and Julius Connheim, who hypothesized that adult tissues may contain embryonic remnants that were 'lost' during developmental organogenesis and lie dormant [100] . The population of VSEL might be deposited early in development in BM and/or other organs and could possibly be employed for tissue/organ regeneration.
Recently, the successful reprogramming of differentiated somatic cells into a pluripotent state has opened new possibilities in regenerative medicine. The so-called iPS cells were reprogrammed from fibroblasts, human as well as mouse, and similar to ESC in morphology, proliferation, surface antigens, gene expression, epigenetic status of pluripotent cell-specific genes, and telomerase activity. Furthermore, these cells could differentiate into cell types of the three germ layers in vitro and form teratomas [47, 48] . So far, several publications have shown the induction of retinal cell types. Induced pluripotent stem cells were able to acquire features of advanced retinal differentiation in a sequence and time course that mimics retinal development in situ [4] . Carr and colleagues found also protective effects of iPS-derived RPE after transplantation into RCS dystrophic rats [101] .
Pluripotency of adult SC has been under investigation for the last decade. Their presumed differentiation potential across germ layers has led to renewed interest in adult SC for tissue repair [102] . These findings may imply that organspecific stem cells can overcome their intrinsic restrictions upon exposure to a novel environment (transdifferentiated), perhaps via genomic reprogramming. However, in the absence functional criteria it remains possible that organ-specific adult stem cells cannot differentiate into functioning cells of another organ, but rather can only take on the shape and express some of the proteins characteristic of transdifferentiated cells. Therefore, it is of critical importance, especially in regard to any use in regenerative medicine, to apply high standards in defining transdifferentiation. Possible landmarks were proposed by Anderson and colleagues in 2001: 1) The donor population should be prospectively isolated and transplanted without intervening culture manipulations. It will be critical to compare the behavior of cultured and uncultured cells. 2) The transplanted stem cells should give rise to robust and sustained regeneration of the target tissues.
3) The phenotype of the converted cells needs to be demonstrated not only anatomically and molecularly, but also functionally [103] .
In retinal regeneration the following candidate SC might be used to replace damaged cells: Neural stem cells have been found in different areas of embryonic and adult mouse and human brains [104, 105] . These cells are highly plastic cells capable of differentiating into oligodendrocytic, astrocytic and neuronal phenotypes under appropriate culture conditions [106] as well as of fate conversion/ transdifferentiation events [107, 108] . In regard to retina regeneration, it has been shown that NSC are able to differentiate in vitro and in vivo into retinal cells like opsinpositive cells [109] and RPE [110] . However, it still must be confirmed that the converted cells execute physiological function of photoreceptors or RPE.
Retinal stem cells (RSC) have been successfully isolated from the pigmented ciliary bodies of several mammalian species, including humans [22, 24, 111] . By modulating time and environment in vitro these cells can yield significant numbers of lineage-specific cells like photoreceptors [112] . Transplantation of these cells in normal and degenerative rodent retina was only minimally successful due to the limited ability of the cells to invade and integrate into the host retina [23, 113] ] In contrast, transplantation of immature RSC from the developing retina (postnatal day 1) improves retinal integration. But capability of subretinally or intravitreously injected RSC to invade and integrate into the neural retina remains restricted to sites of retinal injury [1] .
Bone marrow-derived stem cells (BMSC) may also provide an alternative source for regeneration of diseased ocular tissue. However, the bone marrow contains several types of pluripotent/multipotent cells: hematopoietic stem cells, the source of all blood cells, and mesenchymal stem cells (MSC), a heterogeneous population of non-hematopoietic cells that differentiate into mesenchymal tissues but possibly also into other tissue types. Additionally, it has been reported that bone marrow contains tissue-committed stem cells that hide out in the marrow and are already committed to lineage-specific cells types like heart or neurons [114] . Two approaches can be pursued to guide the cells to the injured tissue: First, an endogenous mobilization of the BMSC into the periphery using growth factors such as G-CSF. There they would follow an SDF-1 gradient towards the eye. We have shown in the murine sodium iodate model of RPE degeneration mobilization, migration, mobilized BMSC home to the site of RPE damage and express cell markers of RPE lineage [78] . However, to apply this to the human system, a pivotal precondition would be secretion of SDF-1 from the degenerative area, and this is not yet known for AMD and RP. Second, a subretinal or systemic transplantation of BMSC has been harvested exogenously. In the latter case, the cells would also need to migrate to the area of damage in the eye. We reported a proof of principle in the murine sodium iodate model in 2006 [115] . This approach could also allow pre-committing the BMSC in vitro towards the desired lineages.
Collaborative Cells: i.e., Facilitating Cells
We were the first to discover CD8 + /TCR -graft facilitating cells (FC), a novel cell population in bone marrow that potently enhances engraftment of HSC in both allogeneic and syngeneic recipients [78, [116] [117] [118] [119] [120] [121] [122] . FC are a heterogeneous cell population, with the predominant subpopulation resembling B220
-plasmacytoid precursor dendritic cells (p-preDC) [119] . FC suppress graft-versus-host disease in vivo by producing CD4
+ regulatory T cells (T reg ) [123] and induce antigen-specific T reg in vitro in the presence of CpG (Fig. 1) [124] .
Combined administration of both Flt3-ligand (FL) and granulocyte colony-stimulating factor (G-CSF) has a synergistic effect in mobilization of HSC and FC into the periphery [125] . The engraftment potential of FL+G-CSFmobilized PBMC was superior to G-CSF-treatment alone [125] . Mobilization of bone marrow-derived cells by using growth factors (FL + G-SCF) has been suggested to repair cardiac tissue and improve heart function after acute myocardial infarction [126, 127] . Studies have investigated whether bone marrow-derived cells can be induced to adopt a retinal pigment epithelium (RPE) cell phenotype in vitro and can home to the site of RPE damage after FL + G-CSF mobilization in vivo [78, 128] . Their data show that bone marrow-derived cells can differentiate into RPE-like cells and express RPE-specific markers of cytokeratin, RPE65, and MITF in vitro. In EGFP + chimeras treated with FL+G-CSF, EGFP + donor bone marrow derived cells were mobilized to the site of NaIO 3 induced RPE damage and expressed RPE lineage markers [78] . To test whether CD8 
Animal Models for Retinal Degenerations/Retinitis Pigmentosa
Mutations in five genes (rhodopsin, peripherin/RDS, Neural Retina Leucine/NRL, RP1 protein and CRX) have been shown to result in the dominant form of RP. Many other autosomal dominant RP loci have been identified but the gene causing mutations have not been identified and characterized. Identification and development of suitable animal models for retinitis pigmentosa is therefore focused on the known defects. The rodent models described below are most widely used in retinitis pigmentosa research and can be applied to test efficiency and efficacy of stem cellbased regenerative approaches.
Mutations in the rhodopsin gene account for more than 10% of all cases and represent the most common cause of autosomal dominant retinitis pigmentosa. Mice carrying a targeted disruption of the rhodopsin (Rho -/-) gene resulting in impaired development of rod outer segments and photoreceptor loss over a 3 month period have been established by Humphries et al. [130] .
The retinal degeneration slow (rds) mouse is a nontransgenic, natural mutant with a mutation in the rds/ peripherin gene similar to that found in human RP families. In the homozygous rds mice, the receptor layer remains rudimentary and the outer segment does not develop but the other retinal layers show a normal trend of growth during the first 2 weeks after birth. Thereafter, the morphological layers containing visual cell structures (photoreceptors, outer nuclear and outer plexiform layers) begin to thin over time. The inner parts of the retina, including inner nuclear, inner plexiform, and ganglion cell layers, remain morphologically unaffected until irregular vascularization follows total loss of visual cells [131] .
Natural mutant mice homozygous for the rd mutation display hereditary retinal degeneration and the classic rd lines serve as a model for human RP. In affected animals the retinal rod photoreceptor cells begin degenerating at about postnatal day 8, and by 4 weeks no photoreceptors are left. In all regions of the eye, rapid rod degeneration precedes much slower cone degeneration [132] . Scientists first identified the biochemical problem in the retina of the rd mouse as a deficit in the ROS enzyme phosphodiesterase (PDE) that leads to an abnormal accumulation of cyclic GMP and subsequent photoreceptor cell degeneration and death. The lesion is manifest early in the postnatal period of development. Further studies localized the molecular defect to a mutation in the gene coding for the beta subunit of the PDE enzyme [133] .
Mutations in the RPE65 gene can cause severe blindness from birth or early childhood. Although its exact function is unknown, the RPE65 protein is associated with vitamin A metabolism. RPE65-deficient mice (RPE -/-) exhibit changes in retinal physiology and biochemistry. Outer segment discs of rod photoreceptors are slightly disorganized and rod function, as measured by electroretinography, is abolished. Rhodopsin is lacking, but not the opsin apoprotein. Disruption of the RPE-based metabolism of all-transretinyl esters to 11-cis-retinal thus appears to underlie this RP-like phenotype. The RPE-65 knock out mouse is used as a model for both retinitis pigmentosa and Leber's congenital amaurosis [134, 135] .
The RCS rat model of retinal degeneration has been known for many years. In this model, the RPE fail to phagocytose photoreceptor rod outer segments which leads to the accumulation of a layer of membranous debris between the retinal photoreceptors and the RPE and induces retinal degeneration in the developing retina [136] . The gene mutation in the RCS rat has recently been found to be in the receptor tyrosine kinase Mertk gene [137] .
Pharmacological models of retinal degeneration exist additionally to the various genetic RP models. N-Methyl-NNitrosourea, for example, has been used in research as a cancer-inducing agent for a long time [138] . But the alkylating compound is also known to induce degeneration in the retina in a concentration-dependent manner by causing apoptotic death of photoreceptor cells [139] . Thus, the model provides a unique system in which onset and severity of photoreceptor degeneration can be actively manipulated. In combination with functional measurements it might be useful to test the effectiveness of cell replacement therapy.
Animal Models for AMD As the macula is a highly specialized area of the retina and not present in many laboratory mammals, the use of animal models such as mouse strains is very limited. Today, no "ideal" AMD animal model is known to the scientific community. Therefore, models that are currently available show some, but not all aspects of the pathology of AMD. However, models which mimic features of human AMD, panretinal and cone degenerations will give knowledge about physiology and visual processing relevant to the disease. Key pathologic events seen in human AMD, such as drusen formation, thickened Bruch's membrane, various types of retinal degeneration, choroidal neovascularization, and RPE regional dropout have all been seen in various mouse strains [140] . Ambati and colleagues published a murine AMD model, which developed cardinal features of the disease, including accumulation of lipofuscin, development of drusen, photoreceptor atrophy and CNV [141] . These observations in Ccl2 -/-or Ccr2 -/-mice implicated also an involvement of macrophage dysfunction in AMD. Choroidal neovascularization has also been induced by laser treatment in several species, such as rats [142] , rabbits [143] , and monkeys [144] . However, only a few of the known models are more widely used. Attempts have also been made pharmacologically to induce changes in the retina resembling AMD. One example is the sodium iodate (NaIO 3 ) model of RPE degeneration. NaIO 3 is known to specifically target RPE, and as secondary events, photoreceptors and choriocapillaris will be damaged [145] . The degeneration is time and concentration dependent and results in functional and morphological changes, which can be used to investigate experimental approaches to refurbish areas of RPE atrophy [128, 146] .
A better understanding of the disease at a basic level will be useful in pursuing experimental and treatment approaches in humans. However, it is important to keep in mind that the available animal models involve artificial elicitation of disease in relatively "young" animal eyes, whereas authentic human AMD occurs only after decades have passed.
In conclusion, stem cell based regenerative repair for disorders of the eye hold great promise. However, further elucidation of the biology and immunology of such approaches are needed before the full potential can be realized.
